Abstract. Obesity has been demonstrated to be linked to atrial fibrillation (AF) with atrial enlargement and tissue fibrosis. Long-term high calorie intake is the main reason for the prevalence of obesity. To investigate the possible causes of AF, such as chronic high-fat diet (HFD), and to identify the underlying mechanisms, the present study analyzed a variety of structural and gap junctional electrophysiological alterations in the atria of female rats fed an HFD. After consistent HFD feeding of female rats for 12 weeks, hematoxylin and eosin (H&E) and Masson's staining, RT-qPCR, western blotting, immunofluorescence and TUNEL staining were performed. In our study, approximately 3/5 of the HFD-fed rats (HFD-OB, n=13) displayed a significant increase in body weight, while the other 2/5 did not (HFD-NOB, n=8). In addition, the atrial weight of the HFD-OB and HFD-NOB rats was markedly heavier, as compared to the rats fed a normal diet (CT, n=20). According to the plasma lipid levels, both HFD-OB and HFD-NOB rats exhibited dyslipidemia. Furthermore, H&E staining revealed broadened interstitial space and myocyte disarray in atria of the HFD-fed rats (i.e., HFD-OB and HFD-NOB rats). Expression levels of atrial fibrosis relevant factors, transforming growth factor-β1 and matrix metalloproteinase-2, were significantly upregulated in the HFD-fed rat atria. In addition, we found a gap junction remodeling with distinct alterations in expression and distribution of connexin 40 (Cx40) and Cx43 in the HFD-fed rat atria. Moreover, a modest increase in apoptotic cell death in both the HFD-OB and HFD-NOB rat atria was detected. Taken together, our findings demonstrated that the impact of chronic HFD on atria displayed in the diet-induced obese rats was observed in HFD-fed rats in the absence of obesity as well.
Introduction
Atrial fibrillation (AF) is the most common supraventricular arrhythmia in clinical practice and is considered to be a growing cardiovascular epidemic (1) . Emerging evidence demonstrates that aging alone does not account for the standing increase in AF prevalence (2) . Obesity has been characterized as a new risk factor contributing to AF (3) . Obesity is a global pand emic with more than 2/3 adults being overweight or obese (4, 5) . It is well-documented that a long-term high calorie intake and sedentary lifestyle are the underlying causes of the high prevalence of obesity (6, 7) . Exposure to a chronic high-fat diet (HFD) is not only linked to diabetes, it also has a strong association with cardiovascular disease and stroke (7) (8) (9) . Although analysis of numerous studies over the last decades has displayed the effect of obesity on atrial structural (10) (11) (12) (13) (14) and gap junctional [mainly focused on connexin 43 (Cx43) expressed and distributed in ventricles] remodeling (15, 16) , the mechanisms remain incompletely elucidated. Despite the unequivocal linkage between obesity and AF, it remains currently unknown whether structural and gap junctional remodeling following a chronic HFD feeding and/or increased AF risks are prevalent in the absence of HFD-induced obesity. Therefore, our study analyzed the structural and gap junctional electrophysiological alterations in the atria of female rats fed a consistent HFD for 12 weeks, determined the impact of HFD on the susceptibility to AF, investigated whether this effect may be the same in both HFD-induced obesity (HFD-OB) and HFD-fed non-obesity (HFD-NOB) rats, and aimed at identifying the underlying mechanisms.
Materials and methods
Experimental animals. The female Sprague-Dawley (SD) rats used in this study were obtained from the Laboratory Animal Center of Xi'an Jiaotong University (Xi'an, China). Rats were housed in an animal research facility with a 12-h light/dark cycle at 20-25˚C room temperature and given Exposure to a chronic high-fat diet promotes atrial structure and gap junction remodeling in rats Plasma lipid measurements. Rats were anaesthetized with 10% chloral hydrate. Right after abdomen opening, 5 to 10 ml of blood was drawn from the abdominal aortae and collected with heparinized anticoagulation tubes and immediately centrifuged at 15,000 rpm for 30 min at 4˚C, and then the plasma was stored at -80˚C. Samples were sent to the Clinical Labo ratory Department of the First Affiliated Hospital of Xi'an Jiaotong University to test the levels of total cholesterol (TC), high-density lipoprotein cholesterol (HDL-C), low-density lipoprotein cholesterol (LDL-C) and triglycerides (TGs).
Tissue harvesting and processing. After piercing the left ventricle and carving the right atrium, the heart was perfused with phosphate-buffered saline (PBS) injected into the left ventricle, vessels were rinsed subsequently and both atria were harvested after thoroughly removing aorta and fat. For histological analysis, atrial tissue was fixed in 4% paraformaldehyde dissolved in PBS, dehydrated and embedded in paraffin. For immunofluorescence assay, atrial tissue was washed with PBS, fixed in 4% paraformaldehyde, dehydrated with sucrose, embedded in optimal cutting temperature (OCT) compound, and then kept at -80˚C for long-term storage. For biochemical examinations, atrial tissue was transiently frozen in liquid nitrogen and stored at -80˚C.
Hematoxylin and eosin (H&E) and Masson's staining.
Processing of rat atrial tissue paraformaldehyde-fixing and paraffin-embedding has been previously described. Sections (5-µm thick) from each atrial tissue were stained with H&E or Masson's staining, and then sealed and stored at 4˚C. Atrial fibrosis was assessed using Image-Pro Plus 6.0 analysis software (Media Cybernetics, Inc., Rockville, MD, USA). . After completion of all the procedures mentioned above, incuba tion with goat-anti-rabbit horseradish peroxidase (HRP)-conjugated IgG as the secondary antibody was carried out for 1 h at RT. The blot bands were visualized using ECL and quantified using Quantity One analysis software (both from Bio-Rad Laboratories, Inc.).
RNA extraction and reverse transcription-quantitative PCR (RT-qPCR
Immunofluorescence and TUNEL staining. Cryosections (6-µm thick) of atrial tissue were performed after paraformaldehydefixing, dehydrating and OCT-embedding, washed with PBS for 5 min, 3 times, followed by incubation overnight at 4˚C with the primary antibodies as follows: goat polyclonal anti-Cx40 
Results
Female SD rats fed an HFD exhibit differences in weight increase. To determine the role of HFD in AF, we analyzed the 6-to 8-week-old SD rats fed an HFD or ND. The body weight showed no significant difference among these groups until the 4th week. After 12 weeks of feeding, only ~3/5 of the HFD-fed rats (HFD-OB, n=13) displayed a significantly higher body weight increase than the rest of the HFD-fed rats (HFD-NOB, n=8) and those fed with an ND (CT, n=20) (equal as week 0; Fig. 1A ). Furthermore, compared with the HFD-NOB rats, HFD-OB rats were heavier which was not due to the differences in food intake (data not shown). In comparison to the CT rats, no significant difference in weight increase was shown in the NOB rats. Moreover, the analysis revealed markedly increased atrial weight in the HFD-fed rats (Fig. 1B) . As shown in Fig. 1B , there was a marked increase in atrial weight in the HFD-NOB rats, as compared to that noted in the HFD-OB rats.
Both HFD-OB and HFD-NOB rats exhibit dyslipidemia.
Metabolic disorders play a principal role in the incidence, maintenance and recurrence of AF. To examine the status of lipid metabolism in HFD-fed rats, we measured the plasma lipid levels. HFD-NOB (n=8) rats displayed a marginal elevation in TG level, as well as significantly upregulated levels of TC and LDL-C, as compared to the CT rats (n=20) (Fig. 2) . Although TG, TC and LDL-C levels were all markedly increased in the HFD-OB rats (n=13), TG, a key lipid metabolic factor, was not significantly elevated, suggesting that not all factors participated in the alteration of the lipid metabolism in the HFD-NOB rats. The HDL-C levels did not reveal any difference among the three groups. The results indicated a disturbed lipid homeostasis in the HFD-fed rats.
HFD-fed rats exhibit more extensive atrial fibrosis. Atrial fibrosis is well described as an AF-promoting condition and a potential predictor to recurrence (17) . Tissue fibrosis is mediated by a series of risk factors, such as age, sex, heart failure, stroke and hypertension. We performed histological assay (H&E and Masson's staining) to confirm the association between HFD and atrial fibrosis. Indeed, the H&E staining of atrial paraffin sections revealed more broadened interstitial space among the atrial myofibers as well as distinctly disordered layout of atrial myocytes in both the HFD-OB and HFD-NOB rats instead of a normal myocardial structure (Fig. 3) . H&E staining of atrial tissue of the OB and NOB rats did not exhibit any difference. Significant fibrosis was shown in Masson's staining of the HFD-OB and HFD-NOB rat atrial sections (Fig. 4) . Extensive fibrosis was particularly visible around atrial myocytes and was disorderly distributed. In contrast, the tiny amounts of collagen fibers in the CT rat atria were continuous and complete. As shown in Fig. 4B , compared with the HFD-OB rats, the collagen area of the HFD-NOB rat atria was larger, while there was no significant difference between these two groups. These results above revealed that HFD may somehow induce and promote atrial fibrosis. The impacts of HFD on atrial fibrosis exhibited in the HFD-OB and HFD-NOB rats were similar.
HFD feeding upregulates expression of mRNA and proteins related to atrial fibrosis. Previous studies demonstrated P<0.01 vs. CT). HFD-OB, HFD-fed obese rats; HFD-NOB, HFD-fed non-obese rats that TGF-β1, a multifunctional cytokine participating in the regulation of cell proliferation and differentiation, leads to atrial fibrosis and AF (18) . In addition, MMP-2, playing a key role in extracellular matrix activity, promotes atrial fibrosis and is upregulated during AF (19) . We performed further biochemical analyses to explore the association between HFD and atrial fibrosis. RT-qPCR analysis of TGF-β1 and MMP-2 mRNA revealed that the expression of TGF-β1 and MMP-2 mRNA was significantly upregulated in the HFD-OB and HFD-NOB rat atrial myocytes (Fig. 5A and B) . No significant difference was observed between these two groups. In accordance with the results of the RT-qPCR analysis, western blotting bands showed a significant increase in expression of TGF-β1 and MMP-2 protein in the atria of rats fed an HFD as well (Fig. 5C and D) . Similarly, the increases showed no significant difference between the HFD-OB and HFD-NOB groups. The marked increases in expression of TGF-β1 and MMP-2 proteins and mRNA further implied that HFD may induce tissue fibrosis in the atria. In addition, the levels of atrial fibrosis-promoting factors expressed in the HFD-OB and HFD-NOB rats showed no significant difference.
HFD feeding downregulates expression of gap junction mRNA and proteins. Abnormality in expression/distribution of gap junction Cxs is one of the essential components of atrial electrical remodeling. Cx40 and Cx43 are known to be the most commonly expressed Cx types in atrial myocytes. Thus, for the purpose of elucidating the potential mechanisms Figure 3 . Hematoxylin and eosin (H&E) staining of atrial sections from rats fed a normal diet (ND) or a high-fat diet (HFD). Atrial myofibers were stained in red, while nuclei were stained purple. Control (CT) rats displayed a complete and regular atrial myocardium structure. In contrast, atrial myofibers were disorderly arrayed in the HFD-fed obese (HFD-OB) and HFD-fed non-obese (HFD-NOB) rats. Representative images are at a magnification, x100 (top panels) and x200 (bottom panels). accounting for the atrial remodeling-promoting effects of HFD, we measured the expression levels of Cx40 and Cx43 and their mRNA levels using western blotting and RT-qPCR analysis respectively. RT-qPCR analysis displayed a significant downregulation in the expression of Cx40 and Cx43 mRNA in the HFD-fed rat atrial tissue (Fig. 6A and B) . In addition, a similar marked decrease in the protein expression of Cx40 and Cx43 was observed by western blotting as well ( Fig. 6C and D) . Neither the RT-qPCR nor the western blotting showed significant differences between the HFD-OB and HFD-NOB groups. The altered expression levels of gap junction Cxs suggest that an HFD could impact the electrical remodeling to a certain extent, which may further provide the substrate susceptible to AF.
HFD-fed rats show altered distribution of gap junction in the atria.
Previous studies have demonstrated an association between the abnormal distribution of gap junction and arrhythmogenesis (22, 28) . Further analysis using immunofluorescence exhibited altered expression and distribution of Cx40 and Cx43 in atrial myocytes of the rats fed an HFD, as compared to the ND-fed rats (Fig. 7) . As shown in Fig. 7A and D, Cx40 and Cx43 were mainly located at the intercalated discs of atrial myocytes in the CT rats. Cx40 protein expression displayed significant downregulation in the HFD rat atrial myocytes via western blotting, supporting the results of the immunofluorescence approach (Fig. 7B and C) . In addition, Cx40 was showed to be laterally distributed along the longitudinal atrial myocyte membranes. Cx43 was markedly downregulated and laterally distributed in the HFD-OB rat atria as well (Fig. 7E) . Nevertheless, in comparison to the CT rats, Cx43 signals seemingly did not show a significant decrease in the HFD-NOB rats (Fig. 7F) . Although lateralized distribution of Cx43 was still observed in the HFD-NOB rat atrial myocytes, these alterations in expression and distribution of gap junction revealed that it may be more susceptible to AF via HFD-induced Cx remodeling. In addition, HFD-OB and HFD-NOB rats showed similar levels of gap junctional remodeling induced by HFD.
HFD rat atrial tissue displays a tendency of increased apoptotic cell death.
To highlight the effects of HFD on the atrial substrate, we therefore quantified cell death in serial sections of atrial tissue in the ND and HFD rats. Cell death was markedly lower in the rats fed an ND, whereas there was no significant difference observed between the HFD-OB and HFD-NOB rats (Fig. 8) .
Taken together, these data demonstrated that whether or not HFD induces obesity, HFD may affect lipid metabolism, alter the expression of mRNA and proteins involved in atrial fibrosis and promote the remodeling of gap junction in rat atrial tissue. The impact of HFD on the atrial substrate may represent the underlying cause for the incidence, maintenance and recurrence of AF.
Discussion
In the present study, 6-to 8-week-old female SD rats were fed an HFD for 12 weeks, and subsequent atrial fibrosis and gap junction remodeling were analyzed. Large numbers of previous studies have reported significant increases in the body weight of HFD-fed rats (20, 21) . However, our findings showed that only approximately 3/5 of the HFD-fed rats were more susceptible to HFD-induced obesity, while the other 2/5 were not (Fig. 1A) . We considered that the distinction in body weight increases may be due to the genetic variations in female SD rats. Although the markedly disturbed lipid homeostasis was observed in both HFD-OB and HFD-NOB rats (there were some distinctions in the elevations of factors involved in plasma lipid metabolism; Fig. 2) , the different alterations in body weight increases and plasma lipid levels in the HFD-fed rats may partially explain why a certain incidence of cardiovascular diseases and hyperlipidemia exists in numerous individuals that are not overweight or obese as encountered in clinical practice. The changes in lifestyle (especially long-term high caloric intake), rather than only nutritional obesity, may be a major cause for AF incidence.
Along with tissue fibrosis, atrial enlargement is one of the two components of atrial structural remodeling (22) . Atrial dimension has been demonstrated to be a determinant factor of the persistence of AF maintaining re-entry (23) . In the present study, although no significant increase in body weight was observed in the HFD-NOB rats, the atrial weight was significantly higher (Fig. 1B) . To some extent, this finding also suggested that chronic HFD feeding may lead to atrial enlargement which made the rats more susceptible to AF. In addition, distinctly broadened interstitial space among atrial myofibers induced by chronic HFD feeding (Fig. 3) may have contributed to promotion of the atrial enlargement. It has been confirmed in a previous study that tissue fibrosis could promote AF by interrupting atrial myocardium continuity and disturbing local conduction (24) . Moreover, the interactions between fibroblasts and cardiomyocytes may give rise to changes in cardiomyocyte bioelectricity (25) . Atrial fibrosis appears to be a common endpoint for a variety of AF-promoting elements (17) . It has been acknowledged that TGF-β1 is the key regulating factor of atrial fibrosis (18) . It causes atrial fibrosis by activating downstream signaling pathways (26) , and furthermore promotes the incidence and maintenance of AF. Moreover, MMP-2 appears to be another key factor involved in interstitial tissue alteration in diseased atrial myocardium (19, 27) . MMP-2 not only plays an important role in the degradation of the matrix, but also regulates the synthesis of collagen. Normal collagen is degraded by increased MMP-2, while it is replaced by fibrous interstitial that lacks connective structure. Moreover, the altered MMP/ TIMP equilibrium could result in a loss of control of MMP-2 activity and thereby contribute to an increase in MMP-2 activity in diseased atria. Finally, the fibrotic response strengthens as the MMP-2 levels increase. We analyzed Masson's staining, RT-qPCR and western blotting data to determine whether HFD induces atrial fibrosis in rats. In the present study, chronic HFD feeding increased fibrotic atrial myocardium (Fig. 4) , upregulated expression of TGF-β1 and MMP-2 protein and mRNA (Fig. 5) , and these results were in accordance with the studies mentioned above. Upregulation in the expression of fibrosis-relevant factors revealed that the HFD induced marked fibrosis which may create the atrial substrate for re-entry. All these findings indicated that exposure to chronic HFD may promote AF by impacting both of the components of atrial structural remodeling, i.e., atrial enlargement and tissue fibrosis.
The essential role of gap junction in atrial conduction has been clearly described. Numerous studies in AF patients (28) and rapid pacing animal models (29, 30) have revealed the strong association between abnormal expression and heterogeneous distribution of Cxs and AF. Cx40 and Cx43, which mediate cardiomyocyte-to-cardiomyocyte electrical coupling, have been characterized as the major Cxs expressed in murine atria (31) . Several animal studies (15, 16, 32) displ ayed abnormality in expression and distribution of Cx43 in atria and ventricles following HFD feeding. Nevertheless, there are few studies elucidating the changes in expression and distribution of Cx40 in atria following HFD feeding. In our study, regardless of whether HFD feeding induced obesity, a significant decrease in expression of Cx40 and Cx43 protein and mRNA were observed in the HFD-fed rats (Fig. 6) . Although the expression of Cxs in cardiac myocytes from animals fed an HFD have been studied (15, 16, 32) , discrepancies existed in these results. Notably, similarly in the present study, we found that Cx40 and Cx43 protein expression was distinctly upregulated in 1/5 of the OB rats and in 1/8 of the NOB rats which were opposite with the total expression levels (no significant difference was displayed between these two groups). However, no alteration in Cx40 and Cx43 expression was observed in any of the HFD rats. This finding may also support the fact that chronic HFD feeding impacts gap junction remodeling in atria. In addition, our analysis showed that Cx40 and Cx43 were more localized along longitudinal atrial myocyte membranes rather than the intercalated discs (Fig. 7) . Spatial heterogeneities in distributions of Cxs may disturb the atrial conduction via creating microscopic obstacles altering the atrial action potential (33) , which then gives rise to the incidence of AF. It therefore appears that HFD feeding may promote gap junction remodeling in atria, affect atrial myocyte action potential and atrial anisotropy conduction, thereby causing AF.
Apart from the AF-promoting conditions mentioned above, apoptosis cell death may be another potential mechanism contributing to AF by participating in atrial remodeling (34, 35) . The effect of HFD-induced obesity on apoptosis in ventricles has been well documented (20, 21, 36) . In accordance with these results, we found a robust increase in cell death in both HFD-OB and HFD-NOB rat atria as detected by TUNEL assay (Fig. 8) . The increase in the numbers of TUNEL-positive nuclei exhibited no difference in these two groups. We spec ulate that the alteration in cell apoptosis occurs in atrial myocytes of HFD-fed rats in the absence of obesity as well, thereby enhancing the atrial remodeling which may promote the incidence of AF.
However, there are several limitations to the present study. First, we measured atrial structure and gap junction remodeling, which are considered to be the main causes of AF. Although we determined the susceptibility to AF caused by chronic HFD, the incidence of AF was not examined. We may further investigate this aspect in the future. Second, the detailed mechanisms and the crosstalk between TGF-β1, MMP-2 and gap junctions need further investigation.
We conclude that, regardless of the presence of HFD-induced obesity, an HFD promotes expression of factors involved in atrial fibrosis, altering the expression and distribution of Cxs in the atria, and inducing atrial myocyte apoptosis, which may further contribute to the incidence and development of AF. Thus, leading a healthy lifestyle by controlling calorie intake may be a promising therapeutic strategy for AF.
